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Abstract 
Two-step hot embossing process was used to transfer graphene and to fabricate Gr/Si 
Schottky photodiodes. As a direct graphene transfer technique, through a hot embossing system, 
CVD Gr monolayer was transferred from copper foil to Cyclic Olefin Copolymer (COC) foil 
without PMMA sacrificial layer. Then hot embossing was employed once again to bond 
graphene with the prepared Si substrate to form Schottky contact. Electrical and photoelectrical 
characterizations have been performed to evaluate the Schottky photodiode. The photocurrent 
increase linearly with light intensity under 633 nm illumination. With an appropriate bias 
voltage, the maximum responsivity reaches 0.73 A/W. Extracted from I-V characteristics by 
Cheung’s function, the Schottky barrier height and ideality factor are 1.01 eV and 2.66, 
respectively. The experimental result shows the feasibility and effectiveness of this hot 
embossing fabrication process, which demonstrates the opportunity for large scale production 
and provides a new approach for graphene optoelectronics. 
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1. Introduction 
Graphene  photodetectors have experienced rapid development in the past decade, owing 
to the unique electrical and optical properties of graphene, like high charge carrier mobility and 
wide spectrum light absorption1. As we know, graphene, the first truly two-dimensional 
material2, was successfully obtained by mechanical exfoliation method, which is lowly efficient 
and not suitable for mass production3. Since then, many efforts have been devoted to effective 
synthesis of high-quality graphene4-7. From the developing trends over recent years8, chemical 
vapor deposition (CVD) is the most promising one among all others methods to obtain 
monolayers for integration in large scale device production. However, the CVD growth needs 
metal seed layer like Cu and Ni and, hence, graphene transfer technologies became the key point 
between synthesis and application9-12. The most frequently used graphene transfer method is 
based on a PolyMethylMethAcrylate (PMMA) sacrificial layer and metal etching processes, but 
it suffers from the residues of PMMA and it is hard to scale to large area and match the 
semiconductor manufacturing compatibility.  
Graphene/Silicon (Gr/Si) Schottky junction is one of the most important components of 
graphene based photosensitive devices. In Gr/Si Schottky photodiode, the incident light passes 
through the graphene layer and the photons are absorbed by silicon to excite electron-hole pairs. 
During this process, graphene collects the photo-generated carriers and provides a high speed 
pathway for carriers transport1. Since Li et al. transferred the CVD graphene on HF etched n-
type Si wafer13, Gr/Si photoelectrical devices has attracted great attention14-17.  
The most frequently used method to fabricate Gr/Si Schottky devices uses PMMA as a 
sacrificial media layer to transfer graphene from original metal substrate to silicon substrate17-21. 
In this traditional method, PMMA solution with a certain concentration is spin-coated on 
graphene/metal substrate and heated to evaporate the solvent to form a PMMA layer. After 
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etching the metal substrate by copper etching solution (usually FeCl3, sometimes (NH4)2S2O8), 
the PMMA/graphene floating over the air-liquid interface is picked up by silicon substrate and 
form Gr/Si Schottky contact. However, it is a manual procedure to pick up graphene from liquid 
surface to desired substrate, which cannot match the semiconductor manufacturing compatibility 
and, on the other hand, causes wrinkles and folds of graphene film in the handcraft. As a 
sacrificial media, PMMA should be removed after graphene transferring, but the PMMA residue 
is major problem exercising the minds of scientists around the world. The residue trap the 
photogenerated charge carriers when they move through the interface, causing an increase of 
electron/holes recombination and the degradation of device performance17. To solve this 
problem, deep UV treatment18,19, Ar Ion Beam20, low molecular weight PMMA21, etc. were used 
to reduce the PMMA residues, while the processes became more complicated.  
Hot embossing is a cost-effective and flexible fabrication technology which has been 
widely used for micro-/nano- fabrication, but it has been used only recently to transfer CVD 
grown graphene22. By applying this novel method, CVD grown graphene was successfully 
transferred from copper foil to Cyclic Olefin Copolymer (COC) foil without PMMA sacrificial 
layer. The hot embossing process avoids the residues of PMMA and simplifies the processing 
steps, thus providing the opportunity for large scale production. As a widely used technique, hot 
embossing has good processing compatibility to micro-/nano- manufacturing and it does not 
need careful operation, which is a significant advantage of this method compared with other 
PMMA-free graphene method11,23,24. The success of hot embossing graphene transferring 
benefits from the nature of the polymer material, which is flexible and able to contact well with 
graphene on original metal substrate under a certain pressure and temperature. As a result, this 
method was mainly used to fabricate flexible graphene device, while at present there is no 
attempt on graphene device on hard substrate by this method. 
In this work, hot embossing process was employed twice to transfer graphene and 
fabricate Gr/Si Schottky photodiodes. As a direct graphene transfer technique, CVD monolayer 
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graphene was transferred by hot embossing from copper foil to COC foil without PMMA 
sacrificial layer22. The SiO2/Si substrate with square window oxide layer and front and backside 
electrodes was prepared by photolithography, e-beam evaporation and wet etching. Then hot 
embossing was employed once again to bond graphene/COC with as-prepared substrate form 
Schottky contact in the window of insulating layer. Considering the good high transparency of 
COC material, the COC foil remains on the top of photodiode and protects graphene from 
external pollution. The incident light goes through transparent COC and graphene layer, and 
finally excites electron–hole pairs in silicon, which is the origin of photoelectrical response of 
Gr/Si Schottky diode. This paper demonstrates this new strategy to fabricate Gr/Si Schottky 
photodiode. We also investigate the photo response using a 633nm laser at different intensity and 
evaluate the relevant parameters using the thermionic emission model and the Cheung’s method, 
which reveals that the Gr/Si Schottky diode fabricated by hot embossing has equivalent or even 
better performance as those fabricated by traditional method. 
 
2. Experimental 
2.1 Graphene growth and transferring to COC 
After rinsing Cu foils in 10% HCl for 15 min, single layer graphene was grown on them 
in a CVD system (Moorfield NanoCVD 8G). The Gr/Cu was then hot embossed onto a COC foil 
(140 μm, TOPAS 8007 × 04). This process was performed with a hot embossing system (model 
HEX01JENOPTIK Mikrotechnik) with the temperature of 80 °C and the applied force of 10,000 
N for 120 seconds. Since the surface was 2 cm×2 cm, the pressure was 25 MPa. Then the Cu 
layer was wet etched by FeCl3 solution and the samples were rinsed in deionized (DI) water to 
remove FeCl3 residues, thus graphene on COC was obtained. 
 
2.2 Fabrication of Gr/Si Schottky photodiode 
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N-type Si (100) wafer (1–10 Ω cm) with 300 nm SiO2 was used as the substrate for the 
fabrication of Schottky junction. Firstly, the SiO2 layer on the backside was removed by HF 
etching, and Ti/Au (20nm/80nm) was deposited by e-beam evaporation to form ohmic contact. 
After that, Cr/Au (20nm/80nm) electrode was patterned and evaporated on the front side of 
SiO2/Si wafer. Photolithography was used to define a square window on the substrate (1.6mm×
1.6mm), followed by a wet etching process in buffered oxide etch (BOE) solution to remove 
SiO2 layer. Then hot embossing was used once again to bond graphene with the prepared silicon 
substrate to form Schottky contact in the window, which was the active area of this 
photodetector. 
 
2.3 Raman, electrical and photoelectrical characterizations 
Raman microscope (Renishaw plc, Wotton-under-Edge, UK) with a 532nm laser and a 
Leica DMLM microscope was used to characterize the graphene transferred by hot embossing 
process. The spectrum of COC foil was obtained in advance and was taken off from that of 
graphene on COC to get the contribution of graphene alone. 
Keysight B2912A Source/Measure unit was used for electrical characterizations, and 
photoelectrical characterization was carried out under dark and 633 nm illumination with a 
semiconductor laser (laser power has been calibrated with Sanwa LP-1 before the 
measurements). Based on the thermionic emission theory, the ideality factor and Schottky barrier 
height were extracted from current-voltage curve to evaluate the property of Gr/Si Schottky 
diode.  
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FIG. 1. Fabrication process of hot embossing transferred Gr/Si Schottky photodiode 
 
3. Results and discussion 
The Raman spectrum of the graphene transferred on COC foil by hot embossing (Fig.2) 
shows three main peaks: D peak at 1346 cm-1, G peak at 1582 cm-1, 2D peak at 2678 cm−1. The 
2D peak is sharp and symmetric, the full width at half maximum of the 2D peak is 35 cm-1 and 
the intensity ratio of the 2D peak to the G peak is 1.75. The shape of the peaks and the intensity 
ratio indicate the monolayer nature of this graphene thin film25-27. From the Raman spectrum it 
can be seen that the graphene structure is well preserved after experiencing the 25 MPa molding 
pressure during hot embossing process. 
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FIG. 2. Raman spectrum of hot embossing transferred graphene 
As shown in Fig.3(a), I–V measurements were carried out under different incident light 
intensity from 0 to 15 mW/cm2. The curves exhibit typical rectifying behavior and Gr/Si 
Schottky junction works in the backward voltage segment, which is similar to that of a 
metal/semiconductor Schottky diode. From the family of I−V curves we can see that the 
photocurrent of the device is highly dependent on the bias voltage: for a certain incident light 
power, the photocurrent rises with the increase of reverse bias and saturates at higher reverse 
bias. This phenomenon origins for the photovoltaic characteristic of Gr/Si Schottky junction, 
which can be understood from the energy band diagram as shown in Figure 4. At the 
graphene/silicon interface, the incident photons are absorbed by silicon and excite electron–hole 
pairs, which are separated by the built-in potential and transported efficiently to the external 
electrode under the appropriate biases, where graphene acts as a carrier collector and a high-
speed channel for photo-generated carriers. While the built-in potential, Φi, is related to the bias 
voltage, as shown in Figure 4(b), the ability of charge separation can be tuned by the bias and a 
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relatively large built-in potential is favorable for injecting all of the photoexcited holes from 
silicon to graphene and obtaining the saturated photocurrent. 
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FIG. 3. (a) Current-voltage curve of Gr/n-Si Schottky photodiode under various incident light powers. (b) 
Time dependent photocurrent response. (c) Photocurrent of different samples under various incident light 
power. 
 
While an appropriate reverse bias is applied on the Gr/Si Schottky junction, the saturated 
photocurrent increases linearly with the incident light intensity. Figure 3(b) displays the time 
dependent photoresponse to a pulse optical signal of various intensity with the reverse bias 
voltage of -3V, which shows the reliability and stability of the hot embossing fabricated Gr/Si 
photodiode. The responsivity of the hot embossing Gr/n-Si Schottky photodiode was measured 
to be 0.73 A/W. Four samples have been fabricated using the same processes, and their photo 
responses were measured under various incident light power with a reverse bias voltage of 3V. 
As shown in Figure 3(c), their photocurrents are almost same under same incident light power, 
which indicates the stability and reliability of the two-step hot embossing process. 
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FIG. 4. Energy band diagram of the Gr/Si Schottky junction. (a) Thermal equilibrium energy band diagram of 
the heterojunction in darkness. (b) Reverse bias under illumination. Ec, Ev, EF, Eg, ΦG, χSi, ΦB, Φi denote 
conduction band, valence band, Fermi level, bandgap, work function of graphene, electron affinity of silicon 
and Schottky barrier height, built-in potential, respectively 
 
To further investigate the hot embossing Gr/Si Schottky photodiode, the key Schottky 
parameters were extracted from current-voltage measurement. The current–voltage relationship 
of Gr/n-Si junction can be described by the thermionic emission theory, 
I = I0 (𝑒
𝑞𝑉
η𝑘𝑇 − 1)                                                                  (1) 
where η is the ideality factor, I0 is the saturation current defined by  
𝐼0 = 𝐴𝐴
∗𝑇2𝑒−
Φ𝐵
𝑘𝑇                                                                   (2) 
where A, A* and ΦB are respectively the diode area, Richardson constant and zero-bias barrier 
height. When considering the effect of series resistance (Rs), V in the Eq. (1) can be replaced by 
the difference of the total voltage drop of the system and the voltage drop of series resistance, 
and two new equations can be derived from it, 
∂V
∂(lnI)
=
𝜂𝑘𝑇
𝑞
+ 𝑅𝑠𝐼                                                                 (3) 
 
H(I) = IR𝑠 + 𝜂𝛷𝐵                                                                 (4) 
where H(I) is given by 
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H(I) = V − 𝜂(
𝑘𝑇
𝑞
)ln⁡(
𝐼
𝐴𝐴∗𝑇2
)                                                         (5) 
Accordingly, the experimental values of ideality factor η, series resistance Rs and Schottky 
barrier height ΦB can be extracted from the non-linear region of the forward bias I-V 
characteristics by Cheung's functions28,29 
 
 
FIG. 5. Plots of dV/d(ln I) versus I (a), and H(I) versus I (b) for the Gr/Si Schottky diode. 
 
Plots of dV/d(lnI) versus I and H(I) versus I for the Gr/Si Schottky diode are presented in 
Fig. 5. From the plot of dV/d(lnI)-I (Fig. 5(a)), the values of series resistance and ideality factor 
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are determined to be 2132 Ω and 2.66 from the intercept and slope of the forward bias. Using the 
ideality factor value obtained from dV/d(lnI)–I plot, the Schottky barrier height is estimated by 
Eq. (4) from the H(I)-I plot (Fig. 5(b)).ΦB and Rs are found to be 1.01 eV and 2153 Ω. The Rs 
values obtained from the both plots are almost the same, which can be attributed to the 
consistency of Cheung's functions29. 
Table 1 lists the performances of graphene based photodetectors, most of them are 
graphene/silicon Schottky structure, some surface modified graphene devices and graphene 
heterojunction with other materials are also included, it can be seen that the hot embossing 
fabricated Gr/Si shows the same level of photo detecting ability with the ones already published. 
 
Table 1. Summary of the performances of the graphene based photodetectors 
Device structure Responsivity 
Schottky 
barrier 
height 
Series 
resistance 
Ideality 
factor Reference 
Graphene/Si 0.73 A/W 1.01 eV ~2100 Ω 2.66 this work 
Graphene/Si 0.73 A/W — — — 1 
Graphene/Si 0.23 A/W 0.66 eV 6700 Ω 1.52 30 
Graphene/Si 0.435 A/W — — — 31 
Graphene/Si  0.140 A/W 0.79 eV 32.1 Ω 2.24 14 
Graphene/Si  0.214 A/W 0.79 eV — 2.1 15 
Graphene/Si  0.152 A/W — — — 16 
Graphene/Si  0.142 A/W 0.79 eV 14.9 Ω — 17 
Graphene/Si 0.24 A/W — — — 32 
Gr/Si-tips junction 2.5 A/W 0.36 eV 4500 Ω — 33 
PEDOT-Graphene/Si  0.172 A/W — — — 16 
P3HT–Graphene/Si 0.78 A/W — — — 32 
TFSA-Graphene/Si  0.252 A/W 0.89 eV 10.3 Ω — 17 
MoO3-Graphene/Si 0.4 A/W 0.86 eV 17.1 Ω 1.3 14 
Graphene/GO/Si 0.266 A/W 0.81 eV — 2.6 15 
Graphene/metal 0.225 A/W — — — 34 
Graphene/Ge 0.0518 A/W — — — 35 
 
In a Schottky photodiode, photogenerated electron-hole pairs are separated by a built-in 
electric field associated with the Schottky barrier36-38, thus the responsivity of 0.73 A/W was 
obtained with the high Schottky barrier height of 1.01 eV. However, in the meantime, the series 
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resistance reaches more than 2 kΩ, which is higher than the traditional Gr/Si photodiode 
fabricated by PMMA graphene transfer1,14. The high series resistance may attribute to the scratch 
or tear of graphene near to the edge of silicon window, in which a 300nm high silicon oxide step 
locates. The high ideality factor also indicates that the complex interface causes a negative 
impact on the device performance. In spite of this, the sensitive, quick and stable photo response 
show the feasibility and effectiveness of this hot embossing fabrication process, which provides 
a new approach for graphene devices. 
 
4. Conclusion 
In conclusion, a straightforward fabrication method of Gr/Si Schottky photodiode via hot 
embossing process has been successfully developed. Hot embossing process was used both to 
transfer CVD graphene from copper to COC, and to bond graphene with Si substrate to form 
Schottky contact. The responsivity of this Gr/Si photodiode reaches 0.73 A/W under 633 nm 
illumination with a reverse bias of -3V, which can be attributed to the high Schottky barrier 
height. Overall, this straightforward method allows to fabricate graphene based devices 
efficiently, and demonstrates the opportunity for large scale production. 
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